Research on solid ionic conductors for use as electrolytes in all solid state batteries still constitutes a rather vivid branch of today's materials science. Despite enormous efforts, neither the development of a solid electrolyte fulfilling the key requirements such as mechanical stability and high ionic conductivity at ambient temperature has been successful nor has an extended understanding of the local Li coordination motifs in the often amorphous systems been obtained. In this contribution, recent progress both in the development of novel solid state electrolytes with high ionic conductivity and mechanical stability and in the characterization of the local Li coordination motifs in these electrolytes from our laboratory is presented. The work was performed as a project within the framework of the Collaborative Research Centre SFB 458 "Ionic Motion in Materials with Disordered Structures -From Elementary Steps to Macroscopic Transport". Results will be given for polymer electrolytes based on polyethylene oxide (PEO), polyphosphazene (PPZ) and polyacrylonitrile (PAN) with various Li salts, nano-composites of these polymer electrolytes and Al 2 O 3 as a ceramic filler, novel inorganic/organic hybrid electrolytes, in which a mixture of an ionic liquid and Li salt is confined within the pore system of a SiO 2 glass, and a crystalline electrolyte, Li 5 La 3 Nb 2 O 12 . Employing a range of advanced solid state NMR methodologies including dipolar based NMR techniques and pulsed field gradient (PFG) NMR and impedance spectroscopy we were able to obtain a detailed knowledge about the local Li cation coordination motifs and the mechanism of Li transport in these electrolytes. Especially the hybrid electrolytes and the salt rich PAN based polymer electrolytes were identified as rather promising materials which combine a high ionic conductivity and mechanical stability.
Ionic Transport
Research on solid ionic conductors for use as electrolytes in all solid state batteries still constitutes a rather vivid branch of today's materials science. Despite enormous efforts, neither the development of a solid electrolyte fulfilling the key requirements such as mechanical stability and high ionic conductivity at ambient temperature has been successful nor has an extended understanding of the local Li coordination motifs in the often amorphous systems been obtained. In this contribution, recent progress both in the development of novel solid state electrolytes with high ionic conductivity and mechanical stability and in the characterization of the local Li coordination motifs in these electrolytes from our laboratory is presented. The work was performed as a project within the framework of the Collaborative Research Centre SFB 458 "Ionic Motion in Materials with Disordered Structures -From Elementary Steps to Macroscopic Transport". Results will be given for polymer electrolytes based on polyethylene oxide (PEO), polyphosphazene (PPZ) and polyacrylonitrile (PAN) with various Li salts, nano-composites of these polymer electrolytes and Al 2 O 3 as a ceramic filler, novel inorganic/organic hybrid electrolytes, in which a mixture of an ionic liquid and Li salt is confined within the pore system of a SiO 2 glass, and a crystalline electrolyte, Li 5 La 3 Nb 2 O 12 . Employing a range of advanced solid state NMR methodologies including dipolar based NMR techniques and pulsed field gradient (PFG) NMR and impedance spectroscopy we were able to obtain a detailed knowledge about the local Li cation coordination motifs and the mechanism of Li transport in these electrolytes. Especially the hybrid electrolytes and the salt rich PAN based polymer electrolytes were identified as rather promising materials which combine a high ionic conductivity and mechanical stability.
Introduction
Electrolytes constitute a salient ingredient to Li ion batteries [1] [2] [3] [4] [5] [6] [7] . Among the important properties a successful candidate has to fulfil are a high ionic con-ductivity accompanied by a vanishing electronic contribution, a large electrochemical window, chemical inertness, environmental compatibility, mechanical flexibility and stability. Due to the favourable ionic conductivities, liquid electrolytes constitute today's standard in battery technology, although the associated disadvantages such as environmental problems due to leaking, fire hazards, limited electrochemical window etc. comprise serious challenges. Solid electrolytes often offer increased mechanical stability and chemical robustness, however, the ionic conductivites generally do not meet the requirements for application as electrolytes in Li ion batteries. Although recent years have witnessed considerable progress in the development of polymer and crystalline Li ion conducting electrolytes -triggered by the ever increasing demand for battery systems for mobile electronics and the automotive industry (electric vehicles) -the ideal solid electrolyte is still waiting to be developed. A large variety of solid state materials has been studied and evaluated during the last two decades, ranging from all-crystalline solid electrolytes, nano-scaled composite systems, polymer based electrolytes or glasses. In the following, we will give a very brief introduction to the various classes of materials.
Polymer based electrolytes
The vast majority of studies in the field of solid electrolytes for use in Li ion batteries has been devoted to polymer electrolytes. Especially their low weight and usually high mechanical flexibility render polymer electrolytes a distinctively promising class of materials. Polymer electrolytes are usually classified according to their polymer/salt ratio. Systems in which the polymer constitutes the major component and the salt concentration is low have been coined saltin-polymer electrolytes, whereas systems in which the Li salt contributes the major component are termed polymer-in-salt-electrolytes.
Salt-in-polymer-electrolytes
PEO based electrolytes represent the archetype of this material class ever since the pioneering work of Wright et al. [8, 9] and Armand et al. [10, 11] who observed that Li salts can be dissolved in polyethylene oxide and exhibit ionic conductivity. A rather important characteristic of the PEO based polymer electrolytes is their strong tendency towards crystallisation and the concomitant formation of a mixture of different phases. The coordination of the Li-cations in crystalline salt-in-polymer PEO based polymer electrolytes is mainly accomplished by the ether oxygen atoms, as has been shown by Bruce et al. [12] [13] [14] [15] employing X-Ray diffraction techniques. Only in the case of a higher salt concentration ((PEO) n : LiX; n < 6) a co-coordination of Li by the ether-oxygen atoms and the anions is observed.
Employing NMR techniques, Berthier et al. [16] could show that the ionic conductivity predominantly occurs in the amorphous parts (above the glass transition temperature T g ) of the often multiphased PEO based poly-mer electrolytes. Consequently, considerable effort has been directed towards a suppression of the crystallisation within these materials, e.g. by addition of plasticizers or the addition of cross-linkers. Cross-linking indeed surpresses the crystallisation (and offers the additional benefit of an increased mechanical stability), but simultaneously deteriorates the segmental mobility and with this the ionic conductivity. Another route towards a reduction of the crystallinity involves the use of inorganic polymers such as polyphosphazene [17] [18] [19] [20] and polysiloxane based materials [21] [22] [23] , in which polyether or related Li coordinating residues are attached to an inorganic backbone. The rather high flexibility of the inorganic backbone entails both, low T g values and a reduced tendency towards crystallisation and thus offers the promise of high ionic conductivity. Successful examples include MEEP : LiTf (MEEP = methoxyethoxyethoxypolyphosphazene; Tf = CF 3 SO 3 − ) and BMEAP : LiTf (BMEAP = bis(2-methoxy-ethyl)amino) polyphosphazene) polymer electrolytes [24, 25] . First accounts of the local Li coordination motifs in these polymer electrolyte systems have been given by Allcock and Luther. Whereas Luther et al. [26] -based on the results of solution NMR data -suggests a direct interaction of the Li cations with these sites, Allcock et al. [27] find no interaction between Li cations and the basic backbone nitrogen atoms in PPZ based electrolytes. A considerable disadvantage of these electrolytes is found in the reduced ability to coordinate Li cations. This consequently entails an increased number of ion pairs and higher aggregates, as confirmed by Frech and coworkers [28] for PPZ : LiTf electrolytes.
Nanocomposites
Another possible route to enhanced ionic conductivities in polymer based electrolytes involves the addition of often nanoscaled ceramic fillers such as Al 2 O 3 , TiO 2 or SiO 2 to form composite materials. Initially, the incorporation of the ceramic particles was stimulated by their ability to improve the mechanical stability of the polymer electrolytes; however, the observation of an increase in the ionic conductivities of up to three orders of magnitude [29] [30] [31] [32] initiated intense research in this field. A reduction of the amount of crystalline phases as a first explanation [30, 33, 34] was later challenged by the observation that the presence of such an effect critically depends on the nature of the Li salt [35] , which then was ascribed to a considerable interaction between the Li salt (anions and/or cations) and the surface of the ceramic particle. Several models to explain such an interaction, all of which relying on electrostatic interactions between the surface of the particles and the various anionic or ionic species present in the polymer electrolyte have been put forward. In the Maier model [36] [37] [38] [39] [40] [41] , these adsorptive or desorptive interactions entail an increase of one ion species in the space charge layer in the interfacial regions of electrolyte and particle [41, 42] . The electrostatic interactions between the ionic species and the particle surface may as well be viewed as Lewis acid/base interactions [43] [44] [45] [46] [47] [48] . Predominantly Lewis acidic ceramic surfaces then interact with the present Lewis bases, either inducing a stiffening of the network and concomitant increase in the glass transition temperature for dominating surface/polymer interactions or entailing an increase in the Li transference number in the case of dominating surface/anion interactions. Such an interaction has been inferred from a shift in the Raman band for the ClO 4 and CF 3 SO 3 anions in the systems LiClO 4 , LiTf/PEO/TiO 2 [49] and LiClO 4 , LiTf/PMEO/TiO 2 . Donoso and coworkers [50] used 19 F decoupled 7 Li-NMR to find a decrease in the anion-cation interaction in PEO/LiBF 4 /Al 2 O 3 composites which has been interpreted in terms of an interaction between X − and the ceramic surface.
Apart from the mere presence of ceramic particles the particle size seems to be an important parameter. This has been discussed by Heitjans et al. [51] In an investigation of the conductivities of nano-structured composites of Li 2 O and B 2 O 3 [52] these authors observed a monotonic decrease of the Li conductivity with increasing x B 2 O 3 when using microcrystalline mixtures. Contrasted to this, a maximum of the conductivity at x B 2 O 3 = 0.5 was observed in the case of nano-scaled Li 2 O/B 2 O 3 mixtures. The observed effects could be consistently explained employing a percolation model, assuming an increased Li conductivity in the interfacial regions between Li 2 O and B 2 O 3 .
Polymer-in-salt electrolytes
The increase of the Li salt content usually leads to a deterioration of the ionic conductivity due to an increase in the glass transition temperature. The work of Angell [53] who observed that some extremely salt rich systems with PEO or PPO (poly propylene oxide) as the minor component indeed exhibit a high ionic conductivity however triggered a paradigm shift. In these systems, the ionic conductivity is not restricted to temperatures above the glass transition temperature, indicating a distinct decoupling of cationic transport and segmental motion of the polymer chains. Judged from this high decoupling of cationic and polymer dynamics these systems more resemble those of inorganic glasses. Intensively studied systems comprise PAN or variants thereof as the polymer and LiTf as the Li salt. Based on a detailed study of the above system, Forsyth and MacFarlane [54] suggested a morphology-related conduction mechanism for the Li transport in these salt rich polymer electrolytes. The limited coordinative power of the nitrile group entails the formation of amorphous salt aggregates. Within these aggregates, the Li cations are not coordinated by the polymer and are mobile. At high salt concentrations, these aggregates connect, thus forming a percolation pathway for the macroscopic Li transport.
Crystalline electrolytes
Despite immense effort, it still seems to be a formidable task to find polymer based electrolytes in which the optimization of the ionic conductivity does not at the same time entail a deterioration of other key properties such as mechanical or electrochemical robustness. Especially with respect to the latter two properties crystalline electrolytes might evolve as promising alternatives. As an additional benefit, the Li cations usually represent the only mobile species within an immobile anionic framework. Apart from the long known "classic" crystalline Li ion conductors such as Li-β-alumina, LiX·H 2 O (X = Cl, Br, I) [55, 56] , Li 3y La (2/3)−y TiO 3 (0.04 < y < 0.14), [57] [58] [59] [80] . The field of Li ion conducting glasses and glass ceramics will not be covered here [81] .
Scope of the work
In this contribution, recent progress in the synthesis and characterisation of novel solid electrolytes from our laboratory is highlighted. While a good portion of the data presented here is new and has not been published before, reproduction of data recently published from our laboratory seems unavoidable to obtain the full picture of the project.
The goal of the project the results of which are presented here is to find novel solid electrolytes with promising property profiles. Special attention is directed towards an elucidation of the mechanism of Li ion transport in these materials. As a rather important ingredient to an in-depth understanding of the Li ion transport -this denotes the first step on the path towards materials with optimized key parameters -we have to obtain knowledge about the local Li coordination within these electrolytes. Results will be presented for polymer electrolytes based on polyethylene oxide (PEO), polyphosphazene (PPZ) and polyacrylonitrile (PAN) with various Li salts, nano-composites of these polymer electrolytes and Al 2 O 3 as a ceramic filler, novel inorganic/organic hybrid electrolytes, in which a mixture of an ionic liquid and Li salt is confined within the pore system of a SiO 2 glass, and a crystalline electrolyte, Li 5 La 3 Nb 2 O 12 from the garnet family.
Methodology
Since many of the studied systems are at least partially amorphous, X-raydiffraction techniques -as employed by P. G. Bruce for the elucidation of coordination motifs in crystalline PEO based polymer electrolytes [15] -prove to be only of limited applicability. Among the various alternative characterisation tools such as TEM, XANES, IR, Raman, XPS or solid state NMR, the latter technique has evolved as the most informative tool to obtain structural information on short and intermediate length scales. Information about the immediate environment (length scale 1-2 Å) of a given nucleus, this is referred to as the short-range order, can be obtained from simple NMR or MAS (magic angle spinning) NMR spectra, which supply chemical shift and/or quadrupolar information. The elucidation of structural motifs on intermediate length scales (−8 Å) can be achieved employing homo-or heteronuclear dipolar double resonance techniques such as REDOR [82] [83] [84] (rotational echo double resonance) and its variants [85] [86] [87] . With REDOR, the structural motifs are evaluated via the determination of internuclear distances between two nuclei I and S, measuring the heteronuclear dipolar coupling between these two nuclei, which scales with the inverse cubic power of the distance. For further details of these advanced NMR techniques the reader is referred to recent excellent reviews of the field [84, 88, 89] .
Results
The organization of this section is as follows: The first part is devoted to polymer based electrolytes, specifically, PEO based electrolytes and composites [90] [91] [92] , PPZ based electrolytes and composites [93] and salt rich PAN based systems [94, 95] . Subsequently, results on novel hybrid electrolytes, in which a mixture of an ionic liquid and Li salt is confined within the pore system of a SiO 2 glass will be presented [96] . The section will conclude with a report on the analysis of the mechanism of Li transport in the crystalline electrolyte Li 5 La 3 Nb 2 O 12 [97, 98] . Details of the syntheses and experimental procedures will not be given here, the reader is referred to the literature.
Polyethylene oxide based electrolytes
Polymer electrolytes in the system PEO : LiTFSI (TFSI = (CF 3 SO 2 ) 2 N) are characterized by an especially rich complex superposition of various crystalline and amorphous phases. Starting with pristine LiTFSI, the first mixed phase which is being formed with increasing PEO content is (PEO) 2 : LiTFSI, then (PEO) 3 : LiTFSI and (PEO) 6 : LiTFSI [90, 99] .
All these phases are crystalline, intermediate compositions contain a superposition of the two adjacent phases. However, only the crystal structure of (PEO) 3 : LiTFSI has been solved (cf . Fig. 1 ) [100] . In an attempt to obtain information about the local Li coordination motifs in this polymer electrolyte system we performed an extended solid state NMR study employing 19 F{ 7 Li}-and 13 C{ 7 Li}-REDOR NMR spectroscopy [90, 92] . (PEO) 3 : LiTFSI served as a model compound to validate the applicability of the approach. The coordina- tion of the Li cations by the polyether chain may be directly evaluated employing 13 C{ 7 Li}-REDOR NMR spectroscopy. The data for (PEO) 3 : LiTFSI and (PEO) 6 : LiTFSI (data not shown; cf . [92] ) produces Li−C distances of 3.15 ± 0.2 Å, in nice agreement with the crystal structure of (PEO) 3 3 : LiTFSI is shown in Fig. 2 . In the 19 F MAS NMR spectrum, two different 19 F signals can be identified and assigned to the two crystallographically distinct CF 3 groups of the TFSI anion. In (PEO) 3 : LiTFSI, only one of the CF 3 SO 2 -residues per anion coordinates to the lithium ions, whereas the second residue points away from the PEO helices to the interchain space. The mean F···Li distance for the CF 3 group closer to the PEO helix (denoted (1) in Fig. 1 ) is 4.5 Å, whereas it is 5.9 Å for the second CF 3 group (denoted (2) in Fig. 1 ). In the dipolar evolution curves obtained from the 19 F{ 7 Li}-REDOR-NMR experiment (cf . Fig. 2 bottom) , qualitatively, the initial slope of the dipolar evolution curves is inversely proportional to the internuclear distance, hence the fluorine nuclei represented by the signal at − 77.4 ppm belong to the CF 3 groups in closer proximity to the Li cations (i.e. (1) in Fig. 1 ) than the second CF 3 group, represented by the signal at − 80.0 ppm (cf . Fig. 2) . A quantitative analysis of the REDOR curves is possible by a full simulation of the dipolar evolution curves employing the SIMPSON [102] software.
With the MAS frequency and the employed rf field amplitudes for 7 Li and 19 F as input parameters for the simulations and assuming 19 F-7 Li spin pairs, the value for the dipolar coupling constant
2 ) is varied until the calculated curve fit the experimental data. From an analy- The REDOR approach was then used to analyse the ion coordination in (PEO) 2 : LiTFSI and (PEO) 6 : LiTFSI, whose crystal structures are unknown. For (PEO) 2 : LiTFSI (cf . Fig. 3 3 LiTFSI with the TFSI anions directly coordinating to the lithium ions. With increasing O : Li ratio, however, this coordination motif is more and more abandonded in favour of an exclusive coordination of the Li cations by the PEO oxygen. This is borne out by the results for (PEO) 6 : LiTFSI the REDOR data of which rules out any direct cationanion coordination (cf . Fig. 3) , reminiscent of the situation in (PEO) 6 : LiPF 6 , in which the PF 6 − anions occupy positions between the PEO chains and do not contribute to the coordination of the lithium cations [15] . Thus, the exclusive coordination of Li cations by the PEO ether oxygens seems to be the prefereable coordination motif, as long as the PEO offers sufficient oxygen coordination sites. Only in the salt-rich compositions, in which the polymer alone cannot saturate the coordination environment of the cations, the anions help in the coordination. Such a coordination in the salt-rich compositions seems to inhibit any extended Li mobility. Considerable Li mobility is exclusively observed for samples with n ≥ 6. In addition, cations and anions share the same onset temperature for the mobility (cf . Fig. 4 ). These compositions are characterized by a mixture of pristine PEO, crystalline (PEO) 6 : LiTFSI and an amorphous phase of approximate composition (PEO) 11 : LiTFSI, as borne out by the DSC and X-ray diffraction patterns [90, 92] , contrary to the phase diagram as proposed by Lascauld et al. [99] , which predicts the presence of a single amorphous phase.
Upon cooling, the amorphous part of the mixture in the sample of composition (PEO) 10 : LiTFSI further segregates into crystalline PEO 6 : LiTFSI and pristine PEO. This can be inferred from the appearance of two new signals at 71.5 ppm and 72.3 ppm in the 13 C-CPMAS NMR spectra for (PEO) 10 : LiTFSI, as shown in Fig. 5 . The 13 C nuclei associated with these two signals do not exhibit any dipolar coupling to Li nuclei as exemplified in a 13 C{ 7 Li}-REDOR NMR experiment, performed at T = 208 K, well below the glass transition temperature of the material. From the isotropic chemical shift values and the absence of any Li···C dipolar coupling these signals could be assigned to carbon in pristine PEO. This segregation was found to be completely reversible.
Effect of inorganic ceramic fillers
As outlined in the introduction, the addition of -often nanoscaled -inorganic filler materials may entail a significant increase in the ionic conductivities. Dipolar based solid state NMR techniques offer an elegant approach to study the suggested interactions between the salt ions and the ceramic surface [91] . The binary system LiX/Al 2 O 3 (X = Tf, TFSI; using γ -Al 2 O 3 with three different surface modifications acidic, neutral and basic) was chosen as a model system.
In the 7 Li MAS NMR spectra, apart from the signal of the pristine LiTFSI salt at − 1.4 ppm, a new signal at approx. 0 ppm, the intensity of which in- creases with the basicity of the Al 2 O 3 surface (cf . Fig. 6 ) can be identified. Employing 1 H{ 7 Li}-CPMAS-{ 27 Al}-REAPDOR NMR spectroscopy, this new signal could be safely assigned to Li cations in direct contact with the alumina surface.
In this experiment, specifically designed to detect Li cations in close proximity to the Al 2 O 3 surface, Li cations in proximity to protons (i.e. at the alumina surface) are selected via an initial Li CP step (cf . Fig. 7) . Then, the Li magnetization prepared in this way is fed through a 7 Li{ 27 Al}-REAPDOR sequence which detects dipolar couplings between these nuclei. REAPDOR (Rotational Echo Adiabatic Passage Double Resonance) constitutes a variation of the REDOR sequence, specifically optimized for quadrupolar nuclei on the dephasing channel. From a simulation of the obtained data employing the SIMPSON software a second moment of M 2 = 7 × 10 7 rad 2 s −2 can be deduced. The van Vleck second moment M 2 relates to zeroth order to an effective dipolar coupling D eff according to 7 Li-MAS NMR spectrum of LiTFSI/Al 2 O 3 neutral . In the first step of the sequence, the cross polarisation step of the sequence selects those 7 Li nuclei exhibiting a close proximity to protons; c) In the second step, the dipolar coupling of these selected Li nuclei to 27 Al nuclei is monitored employing 7 [91] .
Having established the interaction between Li cations and the alumina surface in the binary Li-salt/Al 2 O 3 systems, we investigated the effect of addition of alumina to the PEO : LiTFSI system. In the salt poor concentration regime (n = 10) we indeed did observe a roughly 50% increase in the amount of mobile Li ions, based on the results of static 7 Li NMR experiments. We did however not find any indication for a direct interaction between Li cations and the alumina surface. Instead, the Al 2 O 3 addition seems to entail a considerable increase in the fraction of the amorphous phase. This can be inferred from the 13 C-CPMAS NMR spectra of the Al 2 O 3 containing samples, in which the intensity of the broad signal (which can be assigned to the amorphous phase [90] ) is considerably increased (data not shown, cf . [90] ). Thus, the predominant effect of alumina in PEO based polymer electrolytes seems to be a suppression of the formation of the crystalline (PEO) 6 : LiTFSI phase, entailing an enhancement in the ionic conductivity of the samples.
Polyphosphazene based electrolytes
The most striking difference between PEO based and PPZ based polymer electrolytes is the extreme reluctance of the latter towards crystallisation. In addition, compared to the situation in PEO based polymer electrolytes, the coordinative power of the BMEA ligand in BMEA-PPZ based polymer electrolytes is considerably reduced. Therefore, the coordination of Li by the BMEA side chains is supposed to be less dominant, even in the salt poor samples. This was studied on a range of BMEA PPZ based polymer electrolytes with varying amounts of LiTf as Li salt [93] . Some of the samples contained small amounts (< 10 wt. %) of nano-scaled Al 2 O 3 . In Fig. 8 , the 7 Li MAS and 7 Li{ 1 H} CP-MAS NMR spectra of a BMEA PPZ polymer electrolyte (BMEA PPZ; 10 wt. % LiTf, 8 wt. % nano-scaled Al 2 O 3 ) are shown. Judged from the DSC results, the PPZ based samples are completely amorphous. In the 7 Li spectra, four different Li signals can be identified: (1) The signal at − 0.55 ppm can be assigned to Li cations coordinated by the BMEA side chains of the PPZ. The assignment is based on the results of 7 Li{ 1 H}-REDOR and CPMAS NMR experiments from which a strong Li−H interaction for the Li nuclei contributing to this signal and protons from the side chains was deduced [93] . (2) The rather broad signal at 0.16 ppm, accompanied by a set of spinning sidebands Fig. 8 . 7 Li-MAS NMR (top) and 7 Li-CPMAS NMR spectrum for a BMEAP polymer electrolyte at room temperature containing 10 wt. % LiTf and 8 wt. % nano-scaled Al 2 O 3 . Four different signals can be discerned, the assignment of which is given in the text.
(not shown) does not change its appearance even at temperatures T > 365 K, indicating that the corresponding Li cations remain completely immobile even at these elevated temperatures. The signal is completely absent in a 7 Li{ 1 H}-CPMAS NMR experiment, excluding any spatial proximity to the BMEA residues.
The relative fraction of this signal is increasing with the relative fraction of LiTf in the sample, increasing from 35% (5 wt. % LiTf) to 65% (15% LiTf). Thus, the Li cations contributing to this signal may be assigned to Li cations located in larger LiTf agglomerates. (3) The rather narrow signal, contributing 10-15% to the total signal intensity, could be assigned to rather mobile Li cations. Since the mobility of these Li cations was found to be closely linked to the glass transition temperature of the PPZ, [93] we tentatively assigned this species as Li cations loosely connected to the polyphosphazene backbone, as e.g. suggested by Luther [26] . Such an interaction should principally be detectable via 31 P{ 7 Li}-or 15 N{ 7 Li} REDOR experiments at temperatures below the glass transition temperature, at which the polymer mobility is frozen. Unfortunately, since the signal for these Li cations considerably broadens and severerly overlaps with the other Li signals at temperatures below the glass transition temperature, such an experiment is not feasible.
Fig. 9.
7 Li{ 1 H}-CPMAS-{ 27 Al}-REAPDOR data for a BMEAP sample containing 8 wt. % nano-scaled Al 2 O 3 and 10 wt. % LiTf. Filled circles: normalized difference intensities for the 7 Li signal at − 0.27 ppm; filled diamonds: normalized difference intensities for the 7 Li signal at − 0.55 ppm.
Effect of inorganic ceramic fillers
(4) In the samples containing nano-scaled Al 2 O 3 , a fourth signal could be detected in the 7 Li{ 1 H}-CP-MAS NMR experiment (cf . Fig. 8 ). Here, the CP experiment acts as a dipolar filter, only those Li cations with spatial proximity to protons will contribute to the signal. Apart from the signal at − 0.55 ppm, which could be assigned to Li cations in close proximity to the BMEA residues, a second signal at − 0.27 ppm can be identified. This signal is only visible in the Al 2 O 3 containing samples; its intensity scales inversely with the Al 2 O 3 particle size. These findings suggest that the Li cations contributing to this signal are associated with the Al 2 O 3 surface, obtaining the magnetization from the 1 H nuclei at the alumina surface (from Al-(OH)-Al or terminal Al-OH units).
Direct evidence for this assumption comes from 7 Li{ 1 H}-CPMAS-{ 27 Al}-REAPDOR NMR spectroscopy (vide supra). As obvious from inspection of Fig. 9 , only the signal at − 0.27 ppm exhibits a sizeable REAPDOR effect indicating spatial proximity between the corresponding Li cations and the alumina surface, whereas the Li cations associated with the BMEA residues (signal at − 0.55 ppm) do not exhibit any 7 Li{ 27 Al} dipolar effect. In Fig. 10 , the four different local Li coordination motifs are sketched.
Thus, comparing (salt-poor) PEO and PPZ based polymer electrolytes, conceptional differences in the local cation coordination and the influence of ceramic fillers are observed. In PEO based polymer electrolytes the Li cations are efficiently coordinated by the polyether oxygen atoms; additionally offered coordination sites from the alumina surface can not compete with this ener- getically favorable situation. Thus the influence of alumina as ceramic filler is restricted to inhibiting the crystallisation of (PEO) 6 : LiTFSI, thereby enhancing the ionic conductivity. Coordination to the alumina surface is only feasible if the coordination sites offered by the polymer (e.g. by the BMEA residiues in the examined PPZ materials) do not provide sufficient stable coordination sites.
Polyacrylonitrile based electrolytes
Compared to PEO and PPZ based polymer electrolytes the coordinative power of the nitrile group of PAN based electrolytes is even further reduced. As a consequence, the Li salts will not be dissolved as efficiently as in e.g. PEO. On the other hand, the reduced coordinative power entails a decoupling of the ionic transport from any matrix motional process, i.e. the ion transport is not bound to a support by the segmental motion of the polymer chains. Often, PC, EC or related molecules are added as plasticizers. In an attempt to obtain more information about the local Li coordination motifs and dynamics in PAN based electrolytes we investigated the systems PAN/LiBOB (BOB = bisoxalatoborate) and PAN/LiBF 4 . A detailed account of the results of these studies will be given elsewhere, [94, 95] here we want to focus on the salient features which contrasts the PAN based electrolytes from the PEO and PPZ based electrolytes discussed above. In a typical synthesis procedure, polyacrylonitrile and the Li salt were dissolved in DMSO, stirred for 36 h and the solvent subsequently re- moved in vacuo at 90
• C for 72 h. For the PAN/LiBOB system, compositions in the extreme salt rich regime (salt content ≥ 80 wt. %) were investigated.
Compared to the situation in pristine LiBOB, the samples exhibit a considerably increased Li mobility as evidenced from an analysis of the evolution of the static 7 Li NMR line width with temperature. The 7 Li NMR line width -which scales with the inverse of the mobility -begins to narrow at temperatures as low as 230 K (cf . Fig. 11 ). In the 7 Li-MAS NMR spectra of the PAN/LiBOB samples, mainly three different signals at + 0.3, − 0.7 and − 1.1 ppm can be identified (cf . Fig. 12) : The signal at + 0.3 ppm can be safely assigned to Li cations within crystalline LiBOB domains based on the isotropic chemical shift, a clear assignment of the remaining two signals however is not possible without the assistance of dipolar based NMR experiments.
The observations that a) the intensity of the signal at − 1.1 ppm increases with the PAN content of the samples, b) does not exhibit any spinning sideband intensities and c) constitutes the dominant signal in the LiBOB/PAN sample with 80 wt. % LiBOB suggest that this signal originates in mobile Li cations within the framework offered by the PAN polymer. The signal at − 0.7 ppm on the other hand is accompanied by a set of spinning sidebands, from which a quadrupolar coupling constant of 68 kHz can be calculated. Thus, this signal may be assigned to an immobile Li species. In a 7 Li{ 1 H}-CPMAS NMR experiment at room temperature, only the signal at − 0.7 ppm can be detected; performing the experiment at T = 200 K entails a detection of the signals at − 0.7 and − 1.1 ppm. Thus both species exhibit a spatial proximity to protons. In addition, the observations support the assignment of the − 1.1 ppm signal to a mobile species (no CP possible) at room temperature. (The signal for the Li cations within crystalline LiBOB naturally does not exhibit any 7 Li{ 1 H}-CPMAS intensity.) To further investigate the nature of these two signals it has to be recognized that there are two potential sources of protons in the sample, from which magnetization can be transferred to 7 Li nuclei in the CP experiment: a) the methylene and methine protons of the PAN backbone and b) the methyl protons from some residual DMSO solvent molecules.
To separate the effect of these two proton sources on the CP and REDOR spectra we prepared a LiBOB/PAN sample using perdeuterated d 6 -DMSO. In the 7 Li{ 1 H}-REDOR NMR experiment, performed at 200 K to eliminate the influence of any cation motion, the signal at − 1.1 ppm clearly exhibits a much more pronounced dipolar coupling to 1 H nuclei as does the signal at − 0.7 ppm (see Fig. 13 top) . In the 7 Li{ 2 H}-REDOR NMR experiment performed at T = 200 K, on the other hand, the 7 Li{ 2 H} dipolar coupling is more pronounced for the signal at − 0.7 ppm (cf . Fig. 13 bottom) . From this, it is clear that the 7 Li signal at − 0.7 ppm originates in Li cations in close coordination to DMSO molecules. Based on the observation that this signal also occurs in a sample which was prepared by dissolving LiBOB in DMSO and then removing the solvent as described above and also occurs in a salt rich PEO/LiBOB polymer electrolyte with unchanged isotropic chemical shift value and quadrupolar parameters, we can assign this signal to a Li(DMSO) n BOB complex isolated from the polymer host. For the signal at − 1.1 ppm the REDOR results support the assignment to Li cations within the PAN matrix which are rather mobile at room temperature and only frozen at temperatures below 230 K. Based on the The experiments were performed at T = 200 K to exclude any bias due to dynamics. 7 Li{ 2 H}-REDOR NMR results we have to assume that these Li cations as well are coordinated by (a smaller number of) DMSO molecules. Due to the fact that in these samples at room temperature we always observe a superposition of immobile and mobile DMSO molecules we were however not able to get more quantitative information, i.e. to determine the number of DMSO molecules per Li(DMSO) n BOB complex and per Li cation within the PAN matrix.
In PAN based electrolytes with LiBF 4 as Li salt the situation proved to be quite different. Here no immobile Li(DMSO) complex is being formed and we were able to calculate the number of DMSO molecules associated with the Li cations [95] . Since all DMSO molecules present in these samples are found to be mobile at room temperature (based on 2 H-NMR data on deuterated samples, data not shown) and PAN proves to be completely immobile, we could obtain the number of DMSO molecules per PAN unit via a quantitative analysis of the 1 H MAS NMR spectra. Although we have to note that such an analysis may be biased to some extent [103] we can take the results (1-2 DMSO molecules per Li cation) as a rough estimate. In Fig. 12 the three different local Li environment found in LiBOB/PAN samples are sketched. The 7 Li MAS NMR spectrum may thus be taken to directly evaluate the quality of the prepared electrolyte. Only if the signal at − 1.1 ppm contributes the dominant fraction to the total signal intensity will the sample exhibit high Li mobility. This is corroborated by the room temperature conductivity for sample PAN/LiBOB 1 : 1, which almost exclusively exhibits the − 1.1 ppm signal and the ionic conductivity was found to exceed 3 × 10 −4 S cm −1 (cf . Fig. 14) .
Hybrid inorganic-organic polymer electrolytes containing ionic liquids
In the course PEO-PPZ-PAN the decoupling index as introduced by Angell [104] (in essence a degree of cooperative motion of the Li cations and the hosting matrix) finds itself successively reduced. Perpetuating this concept of decreasing the Li coordination power of the hosting matrix and increasing the decoupling index leads to the employment of polymers such as polyethylene or to inorganic systems such as glassy materials. In such a hybrid system, the host provides the mechanical stability, whereas a second phase -e.g. a Li salt dissolved in an ionic liquid -contributes the good ionic conductivity. This situation has to be contrasted to conventional inorganic glassy ionic conductors, in which the Li cations -e.g. in a Li 2 O-P 2 O 5 glass -constitute a salient part of the glass network, determining e.g. the amount of connectivity among the phosphate units. In our approach, we employed an in situ synthesis of the hosting SiO 2 glass matrix using a non-aqueous sol-gel process with the ionic liquid [BMIM]BF 4 (1-butyl-3-methylimidazolium tetrafluoroborate) and the Li salt (LiTf or LiTFSI) being present in the starting mixture [96, 105] . Confining ionic liquids into a SiO 2 matrix via a sol-gel process has been shown to produce stable solid membranes [106] [107] [108] [109] [110] [111] ; the resulting materials have been considered as materials for dye-sensitized solar cells [112, 113] , electrolytes for fuel cells etc.. In a typical synthesis procedure, tetraethoxysilane (TEOS) was added to a mixture of LiTf and formic acid (HCOOH). Upon addition of [BMIM]BF 4 to the clear solution, gelation occurred within less than 1 min. After drying at 50
• C overnight the samples were stored at 110
• C for several days, resulting in transparent glass monoliths (cf . Fig. 15 ). The host matrix was characterized employing 29 Si-MAS NMR spectroscopy and nitrogen sorption (cf . Fig. 16 ). The 29 Si-MAS NMR spectra of the ionogel glasses exhibit a clear dependence on the amount of ionic liquid added to the sol gel mixture. Whereas the spectra of IL free and Il poor samples are characterized by the presence of three different signals at −91, −101 and −110 ppm, the spectra for the IL containing samples only exhibit a single signal at −110 ppm. Employing the well established Q (n) -notation, in which Q (n) denotes a SiO 4 group connected to (n) further SiO 4 tetrahedra, the signals can be assigned to Q (2) units (−91 ppm), Q (3) units (−101 ppm) and Q (4) units (−110 ppm). Thus in the ionic liquid containing samples we find a fully condensed SiO 2 network, whereas the gel to glass conversion in the IL free samples (containing a large amount of terminal Si−OH groups) is far from complete.
The N 2 sorption isotherms for the ionogels indicate the presence of a mesoporous silica network with pore sizes around 2-2.5 nm and a surface area of ca. 600 m 2 /g. For a good solid ion conductor, the interaction between the hosting matrix and the guest -here the ionic liquid/Li salt mixture -plays a pivotal role. The presence of a strong interaction would entail a significant reduction of the ionic conductivity of the guest phase, whereas in the case of but a marginal interaction problems due to leaking of the guest phase might arise. One way of probing such an interaction between hosting matrix and guest phase involves measuring the magnetic dipolar couplings between nuclei from either of both phases, e.g. employing 29 Si{ 19 F}-CPMAS or REDOR spectroscopy. This has been investigated using a binary sample consisting of the pristine ionic liquid confined within the pores of the SiO 2 host. The possibility to transfer magnetization from the 19 F nuclei (of the ionic liquid anion BF 4 − ) to 29 Si (as Fig. 17 . NMR spectroscopic evidence for the host-guest interaction in the ionogel 0. an atom from the host matrix), i.e. the mere presence of a 29 Si{ 19 F}-CPMAS NMR spectrum (cf . Fig. 17 ) conclusively indicates that the confinement of the [BMIM]BF 4 within the pore system of the host puts some constraints on the mobility of the ionic liquid entailing a not completely averaged dipolar coup- ling between 19 F and 29 Si. This is corroborated by the results of a 29 Si{ 19 F}-CP-REDOR NMR experiment (cf . Fig. 17, bottom) . The mobility constraints are also revealed by the presence of (minor) spinning sideband intensity in the 1 H (from the [BMIM] cation) and 19 F (from the BF 4 anion) MAS NMR spectra.
Having established the stability of the hosting network and a sizeable interaction between the host matrix and the ionic liquid/Li salt guest phase ensuring the stability of the complete system the next step involves an analysis of the ionic mobility within the amorphous hosting network. The dynamics of the ionic liquid and the Li salt within the pore system of the confining rigid silica network was analysed employing solid state 19 F and 7 Li NMR spectroscopy. The 19 F-MAS and static 7 Li spin-echo NMR spectra for pristine LiTFSI bear the typical characteristics for immobile TFSI anions and Li cations with the observed numerous spinning sidebands in the 19 F-MAS NMR spectrum indicating non-averaged chemical shift anisotropy ( 19 F-MAS) and the broad m = 1/2 → m = −1/2 central transition in the static 7 Li NMR spectrum (FWHM = 3.5 kHz) indicating non-averaged homo-and heteronuclear dipolar interactions (cf . Fig. 18 ). The situation changes considerable in a binary LiTFSI/SiO 2 glass system, in which the SiO 2 matrix has been prepared in situ. The spinning sideband intensity in the 19 F-MAS NMR spectrum is distinctively reduced, the line width in the static 7 Li NMR spectrum reduced to approx. 500 Hz. Both observations indicate extended anion and cation mobility in this sample. At this moment, we can only speculate about the origin of ion mobility in this binary system. We note, however, that this system may be viewed as a mixture of nano-dispersed SiO 2 and LiTFSI particles, thus forming a solid electrolyte in which the interfacial regions between these particles could be involved in the ionic transport.
The incorporation of the ionic liquid and the LiTFSI into the SiO 2 matrix is accompanied by a further reduction of the 7 Li NMR line width and 19 F-MAS NMR spinning sideband intensity. This reduction in spinning sideband intensity and line width of the center signal indicates a corresponding increase in the respective ion mobility. This increase in the ion mobility was found to scale with the ionic liquid/Li salt ratio. 13 C NMR, data not shown)) and anions (Tf or TFSI, BF 4 − ) within the pore system of the fully condensed SiO 2 network. This very high ionic mobility is continued down to subambient temperatures, extending to temperatures as low as 240 K (data not shown) [96] .
The results of an impedance analysis for two different ionogels with a high IL/Li salt ratio indicate a high ionic conductivity in these samples. The material with the best performance -0. Table 1 . With respect to the pristine ionic liquid, the diffusion coefficients of the ions in the ionic liquid/LiTf mixture decrease by a factor of 2 for the [BMIM] cation and 4 for the BF 4 anion. We note that the Li cation -although being the smallest among the ions -exhibits the lowest diffusion coefficient, indicating substantial anion cation interaction in the mixtures, in accordance with published data for various binary ionic liquid/lithium salt systems [114, 115] . Confinement of this mixture within the pore system of the SiO 2 glass matrix does not entail a further reduction in the ionic mobilities; the diffusion coefficients are found to be more or less identical to those of the mixture. From the diffusion coefficients we may obtain a rough estimate of the individual contributions of the ions to the overall ionic conductivity using
and ignoring any correlation effects such as ion pairing or the formation of larger anion-cation agglomerates (cf . 
Crystalline electrolytes
As mentioned in the introduction, crystalline electrolytes from the garnet family offer a combination of high mechanical and chemical stability and reasonable ionic conductivity. In Li 5 La 3 Nb 2 O 12 , the La 3+ cations occupy the cubic A site of the garnet structure; Nb 5+ cations are located on the B sites, octahedrally coordinated by six oxygen atoms. A rather vivid discussion emerged about the location of the Li cations within the garnet structure. Since the C sites of the garnet structure can only accommodate 3 Li cations per formula unit, the excess Li has to be accomodated by the six coordinate octahedral (or trigonal prismatic) sites. These are unoccupied in the original garnet structure. Despite a number of X-ray and neutron diffraction studies on powders and single crystals, the distribution of the Li cations among the various possible sites has been controversely discussed. Whereas according to Mazza [116] the C site is fully occupied with the two excess Li cations being accommodated by the octahedral voids, the structure following Hyooma's results [117] has all Li cations on octahedral positions with the tetrahedral C sites left completely empty. Based on the results of their neutron diffraction study, Cussen et al. [74] rule out both suggestions and put forward a model in which 1/3 of the tetrahedral voids and 2/3 of the octahedral voids are filled with Li cations, translating into 20% of the Li cations adopting a tetrahedral and 80% an octahedral coordination. Following these authors, predominantely the octahedrally coordinated Li cations contribute to the ionic conductivity.
In an attempt to aid in a settlement of this open question and to obtain information about the details of ionic transport within the garnet structure we performed a range of advanced solid state NMR experiment on a Li 5 La 3 Nb 2 O 12 sample annealed at 900
• C. For the details of the synthesis, the reader is referred to the literature [98] . The dependence of the line width of the central transition of the static 7 Li NMR spectra, obtained in the temperature range 150 K < T < 350 K is shown in Fig. 20 . The decrease in the line width indicates the averaging of the homo-and heteronuclear dipolar couplings to 7 Li due to a dynamic process.
Following the empirical Waugh-Fedin relation the onset temperature of Li motion (T = 270 K) translates into an activation energy of approx. 42 kJmol −1 . According to these results, most if not all Li ions in Li 5 La 3 Nb 2 O 12 are mobile at room temperature. Employing 6 Li-MAS NMR we were able to identify individual Li positions. The 6 Li MAS NMR data is shown in Fig. 21 . The two signals at + 0.7 ppm (covering 85% of the total intensity) and − 0.2 ppm (contributing 15% to the total intensity) have to be assigned to Li in octahedral and tetrahedral positions, respectively, since the tetrahedral positions can accommodate a maximum of 60% of the Li cations. Being aware of the fact that this assignment is in conflict with the usual view that an increase in the Li coordination number entails an upfield shift of the corresponding signal we performed 6 Li{ 7 Li}-REDOR NMR experiments to aid in the assignment of the two signals. The results (data not shown, cf . [97, 98] ) clearly support the above conclusions.
Having identified the distribution of Li cations among the tetrahedral and octahedral sites we then addressed the question whether or not both Li species are mobile. For this, we employed 6 Li{ 7 Li}-CPMAS NMR spectroscopy as a dynamic filter. Since the magnetization transfer necessary in the cross polarization step relies on the magnetic dipolar coupling between the two nuclei involved, the intensity of a CP signal in principle scales with the inverse of the mobility. Comparing the results of temperature dependent 6 Li-MAS NMR and 6 Li{ 7 Li}-CPMAS NMR spectra then allows to separate signals from mobile and immobile Li cations.
In Fig. 22 , the 6 Li-MAS NMR spectra, exemplarily shown for temperatures of 260 and 350 K, are dominated by the signal of the octahedrally coordinated Li cations irrespective of temperature (as expected, since this experiment is more or less independent of any Li mobility). On the other hand, in the 6 Li{ 7 Li}-CPMAS NMR spectra, the intensity of this signal is considerably decreased at the higher temperature. These results clearly indicate that the octahedrally coordinated Li cations constitute the (exclusive) dynamic species. Li cations on tetrahedral positions seem to be trapped, not contributing to the Li mobility. Thus, the results are in excellent agreement with the findings of Cussen [74, 75] . Employing two-dimensional 6 Li{ 7 Li}-CPMAS-Exchange NMR spectroscopy we could show that a jump from one octahedral position to another constitutes the basic step of Li diffusion within the garnet structure, with the tetrahedral sites being bypassed [98] .
Conclusions
Recent progress in the synthesis and characterization of novel solid state electrolytes from our laboratory was highlighted. Employing advanced solid state NMR strategies we were able to elucidate the details of the local Li cation coordination in various polymer electrolytes based on PEO, PPZ and PAN, inorganic/organic hybrid electrolytes and a crystalline electrolyte. In (PEO) n : LiTFSI polymer electrolytes, the local Li cation coordination motif was analysed as a function of the salt content. Whereas in samples with n < 6 a co-coordination of the Li cations by polyether oxygen atoms and oxygen atoms from the anions could be identified, an exclusive coordination by the polyether oxygen atoms is observed for n ≥ 6.
The mode of operation of ceramic fillers to polymer electrolytes seems to be dependent on the nature of the polymer. A direct interaction between Li cations and the surface of γ -Al 2 O 3 added as ceramic filler could only be identified for BMEA-PPZ composite electrolytes. For PEO based composite electrolytes we did not observe such an interaction. In these polymer electrolytes, the ceramic additive entails a partial suppression of crystallization of the (PEO) 6 LiTFSI complex. Thus it seems that in the competition for Li cations the Al 2 O 3 surface can only succeed in composite systems in which the polymer does not supply sufficient and stable coordination sites, as e.g. in BMEA PPZ composite electrolytes.
With the salt rich, PAN based polymer electrolytes containing at least 80 wt. % Li salt and the hybrid electrolyte, in which a mixture of ionic liquid and Li salt is confined within the pore system of a SiO 2 glass matrix we were able to introduce two novel electrolyte systems with rather promising ionic conductivities and mechanical stability. For the crystalline electrolyte, Li 5 La 3 Nb 2 O 12 , the distribution of the Li cations among the various possible sites and the migration pathways of the cations could be identified.
